Introduction
============

Gliomas are the most common tumors in the central nervous system, accounting for about 45% of all intracranial tumors.[@b1-ott-11-3775] In the past 30 years, the incidence of primary malignant brain tumors increased with an annual growth rate of about 1.2%.[@b2-ott-11-3775] Despite great improvement in surgical resection, chemotherapy and radiotherapy, patients suffering from gliomas still have a poor survival, usually 2--6 years.[@b3-ott-11-3775] Glioblastoma, ie, grade IV glioma, is the most aggressive and life-threatening glioma tumor. Medical survival of patients with glioblastoma ranges from 12 to 16 months.[@b4-ott-11-3775] Due to high mortality of glioma patients, it is urgent to explore new biomarkers or molecular targets for the prognosis and therapy of glioma patients.

Originally found in yeast, SIL1 functions as a cochaperone of BiP, which is an endoplasmic reticulum (ER) located HSP70 protein participating in protein translocation, folding and ER stress sensing.[@b5-ott-11-3775] BiP function depends on the hydrolysis of the combined ATP and ADP/ATP exchange.[@b6-ott-11-3775] SIL1, also called BiP-associated protein (BAP), functions as a nucleotide exchange factor for BiP to regulate its activity.[@b6-ott-11-3775],[@b7-ott-11-3775] BiP and SIL1 are ubiquitously expressed in human tissues and their abnormal expression or structure disruption often leads to cell protein abnormal accumulation, impaired ER homeostasis and even cell apoptosis.[@b8-ott-11-3775]--[@b11-ott-11-3775] However, it is interesting that function loss of SIL1 causes a selective vulnerability of certain tissues, especially the nervous system and skeletal muscle. Moreover, SIL1 is revealed to exert a neuroprotective action in neurodegenerative and neuromuscular disorders, such as amyotrophic lateral sclerosis (ALS),[@b12-ott-11-3775] Alzheimer's disease (AD),[@b9-ott-11-3775] and Marinesco-Sjögren syndrome (MSS).[@b10-ott-11-3775],[@b11-ott-11-3775],[@b13-ott-11-3775] Filézac de L'Etang et al find that in an ALS mouse model SIL1 protein exhibits a differential expression in different motor neurons and knocking out of *Sil1* disrupts ER homeostasis and aggravates the degree of ALS.[@b12-ott-11-3775] Liu et al report that SIL1 expression is decreased in AD mouse model and overexpression of SIL1 prominently reduces BiP elevation-related tau hyperphosphorylation and GSK-3β activation in ER stress.[@b9-ott-11-3775] Howes et al find that C-terminal mutations disrupt SIL1 structural integrity and lead to MSS.[@b11-ott-11-3775] Due to the close correlation with neurological function, SIL1 may play a role in nervous system tumors such as glioma. So far there are few studies exploring the expression of SIL1 in glioma and its role in the tumor pathobiology.

Here we investigated SIL1 expression and its prognostic relevance in glioma. To explore the physiological action of SIL1, we applied RNA interference technology to knock down the SIL1 expression in U251 glioma cells and investigated the impact on tumor cell function.

Materials and methods
=====================

Materials
---------

Dulbecco's Modified Eagle's Medium (DMEM) was purchased from HyClone (Thermo Fisher Scientific, Waltham, MA, USA). Fetal bovine serum (FBS) was purchased from Thermo Fisher Scientific. Penicillin--streptomycin, 0.25% trypsin and cell counting kit-8 (CCK8) agent were purchased from Beijing Solarbio Science & Technology Company (Beijing, China). Lipofectamine 2000 was purchased from Thermo Fisher Scientific. Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) Apoptosis Kit was purchased from Thermo Fisher Scientific. Radioimmuno-precipitation assay (RIPA) lysis buffer, bicinchoninic acid (BCA) protein assay kit, protease inhibitor cocktail, and all antibodies were purchased from CWBIO (Beijing, China). Primers were synthesized by Genewiz Company (Beijing, China). Transwell cell culture plates were purchased from EMD Millipore (Billerica, MA, USA). Protein marker was purchased from Thermo Fisher Scientific. Electrochemi luminescence (ECL) developer was purchased from Proteintech Group (Chicago, IL, USA).

Immunohistochemical assay
-------------------------

Immunohistochemical (IHC) analysis was performed by using an EliVision™ Plus Kit (KIT-9902; Boster Biological Technology, Pleasanton, CA, USA). The tissue sections were obtained from Shandong Province Hospital. This work has been approved by the ethical committees at Shandong Provincial Hospital. All patients provided written informed consent. Glioma tumor or paracancerous tissues were cryo-sectioned at 8 µm thickness. Sodium citrate buffer (pH 6.0) was used for antigen retrieval. Slides were incubated with 3% H~2~O~2~ to clear endogenous peroxidase. Then the sections were blocked for 1 h at room temperature and incubated with primary antibodies. 3,3′-diaminobenzidine tetrahydrochloride (DAB) developer was used for slide development. After doubled staining with hematoxylin, dehydration with gradient ethanol, and mounting with neutral resins, tissue sections were observed under a microscope.

Under the 40× objective, 3--5 viewing fields were randomly chosen. The staining was scored as "0" (no staining), "1" (weakly positive), "2" (moderately positive), and "3" (strongly positive). The percentage of positively stained cells was scored as: 0=0%, 1=1%--25%, 2=26%--50%, 3=51%--75%, and 4=76%--100%. Two independent pathologists were involved in the evaluation of slides. Low expression was identified when calculation of the score was less than 6, the cut-off derived from X-tile analysis,[@b14-ott-11-3775] otherwise they were defined as high expression.

Cell culture and transfection
-----------------------------

U251 glioma cells were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Cells were cultured in DMEM medium added with 10% FBS, 100 U/mL penicillin, and 0.1 mg/mL streptomycin at 37°C in a humidified atmosphere containing 5% CO~2~. U251 cells were digested when entered in logarithmic phase and then planted into a 6-well plate. siRNA for SIL1 was transfected into U251 cells using Lipofectamine 2000 following the instructions. A scrambled RNA was used as negative control in all experiments. siSIL1 sequence was as follows: siRNA1: GGCUGGAUAUCAACACCAATT UUGGUGUUGAUAUCCAGCCTTsiRNA2: CGGAGAAGAUGUUCGCCGATT UCGGCGAACAUCUUCUCCGTTsiRNA3: UGGUACGGCUGAUCAACAATT UUGUUGAUCAGCCGUACCATTsiRNA4: CGCUCACUGCAAAGAAGAATT UUCUUCUUUGCAGUGAGCGTT

Primer sequence, upstream: 5′-TGCTTCACCTT CTGCCTCAG-3′; downstream: 5′-GAACACCTCCA GGACTTCGG-3′.

Fluorescence quantitative PCR
-----------------------------

Ultrapure RNA extraction kit was used to extract total RNA of siSIL1/siNC transfected U251 cells. Total RNA was then reverse transcribed to cDNA using a PrimeScript RT Master Mix kit (Takara, Tokyo, Japan) according to the manufacturer's protocol. Amplifications were performed in a FTC-3000 Real-Time Quantitative Thermal Cycler (Funglyn Biotech Inc., Shanghai, China). The gene expression data were analyzed using the 2−ΔΔCt method.

CCK8 assay
----------

Cell viability was detected by using CCK8 (Solarbio Biotech Corp., Beijing, China) following the manufacturer's instructions. Briefly, 1--5×10^3^ U251 cells were planted into each well of a 96-well plate. At 24, 48, 72, and 96 h after transfection, 10 µL CCK8 solution was added and incubated for 2 h. The cell viability was determined by measuring OD value at 450 nm.

Clone formation assay
---------------------

After transfection for 24 h, 200 cells were planted in a 6 cm dish with 5 mL medium. Sustained culturing was performed until the clones could be visible in naked eyes. Then remove the medium and stain the clones with 0.1% crystal violet. The clones were imaged and counted.

Cell migration assays
---------------------

U251 cells transfected with siSIL1 or siNC were digested and planted in a 24-well transwell insert, the pore size of which was 8.0 µm. 500 µL DMEM (FBS, 10%) was added to the lower chamber. After incubation for 48 h, the residual cells on the top surface of membrane were removed by scraping and migrated cells were fixed by 4% paraformaldehyde for 30 min, and then stained with 0.1% crystal violet for 20 min. Migrated cells were quantified by counting in five separated visual fields.

Flow cytometry for apoptosis detection
--------------------------------------

Cell apoptosis was analyzed using FITC/PI Apoptosis Kit (Thermo Fisher Scientific). After transfection for 48 h, U251 cells were collected and washed with precooled PBS. Then cells were centrifuged and the supernatant was carefully removed. Annexin V binding buffer was added to resuspend cells to 1--5×10^6^/mL. Cell suspension (100 µL) was incubated with 5 µL Annexin V/FITC mix for 5 min. Then 10 µL PI dye and 400 µL PBS were added before flow cytometry. Statistical analysis was performed using Flowjo software.

Western blot
------------

After transfection for 48 h, total cell proteins were extracted and separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Then protein bands were transferred onto a polyvinylidene fluoride (PVDF) membrane. After blocking with 5% non-fat milk for 1 h, the membrane was incubated at 4°C overnight with primary antibodies and second antibodies for 1 h at room temperature. The protein bands were developed by ECL system and quantified with QUANTITY ONE software. The primary antibodies included anti-SIL1 (Cat\#ab5639; Abcam, Cambridge, UK), anti-α-tubulin (Cat\#ab18251; Abcam), anti-Bax (Cat\#ab32503; Abcam), anti-active caspase3 p17-specific (Cat\#25546-1-AP; Proteintech Group), anti-p-Akt (Cat\#ab81283; Abcam), anti-Akt (Cat\#ab32505; Abcam), anti-mTOR (Cat\#ab2732; Abcam), anti-p-mTOR (Cat\#ab131538; Abcam), anti-P70S6K (Cat\#ab32529; Abcam). The secondary antibodies were purchased from Proteintech.

Statistical analysis
--------------------

All data were represented from three independent experiments and expressed as mean ± standard deviation. SPSS 18.0 software (version 16.0; SPSS Inc., Chicago, IL, USA) was used for all the statistical analysis. The differences between two groups were analyzed using Student's *t*-test. *P*\<0.05 was considered statistically significant.

Results
=======

SIL1 expression in glioma
-------------------------

Recent studies revealed that elevation of SIL1 expression could play a neuroprotective effect in ALS, AD, or MSS.[@b9-ott-11-3775],[@b10-ott-11-3775],[@b12-ott-11-3775] In order to investigate the function of SIL1 in glioma, which is also a nervous system related disease, we checked mRNA expression of SIL1 on Gene Expression Profiling Interactive Analysis (GEPIA), an online server derived from the Cancer Genome Atlas (TCGA), and Genotype-Tissue Expression (GTEx) dataset.[@b15-ott-11-3775] The box plots shown in [Figure 1A](#f1-ott-11-3775){ref-type="fig"} revealed that SIL1 expression significantly increased in glioblastoma multiforme (GBM) by about 1.5 fold and brain lower grade glioma (LGG) by about 1.3 fold compared to normal controls (*P*\<0.05). The result suggested that SIL1 might be involved in glioma progression.

High SIL1 expression represented a poor prognosis
-------------------------------------------------

GEPIA also provided survival analysis, which revealed the correlation between gene expression and the survival rate of patients, so as to describe the prognostic value of a specific gene. The survival curves of GBM and LGG patients with high or low SIL1 expression were shown in [Figure 1B](#f1-ott-11-3775){ref-type="fig"}. The results indicated that the survival rate of patients with a high SIL1 expression was significantly lower in both GBM (HR(high)=1.7, *p*(HR)=0.0053, n(high)=81, n(low)=81) and LGG (HR(high)=2, *p*(HR)=0.00011, n(high)=257, n(low)=257) compared to those with a low SIL1 expression. It was suggested that high SIL1 expression represented a poor prognosis and SIL1 might play a role in promoting glioma progression.

In order to acquire more intuitive understanding of endogenous SIL1 level, we performed IHC staining in glioma tissue and paracarcinoma tissue derived from the same patient. Results in [Figure 1C](#f1-ott-11-3775){ref-type="fig"} revealed a strong immunohistochemistry staining of SIL1 in glioma tissue, while that was very weak in normal tissue. It was demonstrated that SIL1 expression was significantly enhanced in glioma tissue, which was consistent with the result in box plots. In addition, SIL1 expression and its correlation with clinical pathological features of glioma patients was also investigated ([Table 1](#t1-ott-11-3775){ref-type="table"}). In general, glioma patients with high SIL1 expression accounted for 65.79% (25/38) of total samples. SIL1 expression had no connection with age or sex of patients but significantly increased in grade IV glioma (*P*=0.026) compared to grades I--III.

Downregulation of SIL1 inhibited U251 cell proliferation and migration
----------------------------------------------------------------------

To investigate the function of SIL1, we designed 4 siRNAs to knock down SIL1 in U251 cells. The interference efficiencies were quantified and plotted in [Figure 2A](#f2-ott-11-3775){ref-type="fig"}. The result indicated that among the four kinds of siRNAs, siRNA2 and siRNA3 exhibited the most powerful activity in knocking down SIL1 expression. So we selected siRNA3 (siSIL1) in the follow-up experiments. The Western blot result in [Figure 2B](#f2-ott-11-3775){ref-type="fig"} verified the inhibition of siSIL1 on SIL1 expression.

Sustaining proliferation was the most important property of cancer cells, so we first detected the effect of SIL1 down-regulation on U251 cell proliferation by using CCK8 assay and clone formation assay. The result shown in [Figure 2C](#f2-ott-11-3775){ref-type="fig"} indicated that after transfection for 72 h, the cell viability of siSIL1 transfected U251 cells was significantly decreased compared to that of siNC transfected cells (*P*\<0.05). The inhibitory effect of siSIL1 knockdown on U251 cell proliferation was also demonstrated in clone formation assay ([Figure 2D](#f2-ott-11-3775){ref-type="fig"}). The average clone number was decreased from 152±16 of the siNC group to 33±8 of the siSIL1 group.

The effect of SIL1 downregulation on U251 cell migration was also detected by using a transwell migration assay. As shown in [Figure 2E](#f2-ott-11-3775){ref-type="fig"}, the migrated cells (crystal violet stained) in siSIL1 transfected wells were significantly decreased compared to those in the siNC group. The quantified result of cell migration is shown in [Figure 2F](#f2-ott-11-3775){ref-type="fig"}, which indicated that the average migrated cell number per field was reduced from 250±24 of the siNC group to 85±12 of the siSIL1 group, with the inhibitory rate reaching 69%.

In summary, siSIL1 transfection significantly inhibited U251 cell proliferation and migration, which suggested that SIL1 played an oncogenic role in glioma.

Downregulation of SIL1 induced apoptosis without affecting cell cycle
---------------------------------------------------------------------

In order to determine what factors lead to the inhibition of cell proliferation, we performed flow cytometry to analyze cell cycle and apoptosis of U251 cells transfected with siSIL1. The cell populations in each phase of cell cycle are shown in [Figure 3A and B](#f3-ott-11-3775){ref-type="fig"}. It was suggested that there was no significant difference of cell population between siNC and siSIL1 group. The result suggested that siSIL1 transfection did not affect U251 cell cycle progression. However, we found that siSIL1 transfection significantly increased cell apoptosis percentage in U251 cells, from 8.78% of siNC group to 12.92% of siSIL1 group ([Figure 3C and D](#f3-ott-11-3775){ref-type="fig"}, *P*\<0.05). We also detected the expression of apoptosis associated proteins. As shown in [Figure 3E and F](#f3-ott-11-3775){ref-type="fig"}, siSIL1 transfection increased the expression of pro-apoptotic protein Bax by 2.35-fold and Caspase3-P17 by 1.7-fold. Taken together, downregulation of siSIL1 induced cell apoptosis through downregulating pro-apoptotic proteins Bax and Caspase3-P17 but did not affect U251 cell cycle progression.

Downregulation of SIL1 inhibited AKT/mTOR signaling pathway
-----------------------------------------------------------

AKT/mTOR signaling pathway is a classic cell survival pathway which is persistently activated in many cancers, including glioma.[@b16-ott-11-3775] In order to explain the mechanism underlying the inhibitory effect of siSIL1 downregulation on U251 cells we investigated the expression of AKT/mTOR members by using Western blot assay. AKT plays a central regulatory role in this signaling pathway and phosphorylation-activated AKT regulates many cell processes by phosphorylating a cohort of substrates, including mTOR. When phosphorylated, mTOR will be promoting cell protein synthesis by phosphorylating p70S6K. The Western blot results presented in [Figure 4](#f4-ott-11-3775){ref-type="fig"} showed that p-AKT and p-mTOR levels were significantly decreased in the siSIL1 group compared to the siNC group, while the expression of AKT and mTOR was not impacted. The expression of p70S6K was significantly inhibited by siSIL1 transfection. These data suggested that AKT/mTOR signaling pathway was significantly inhibited in siSIL1 transfected U251 cells.

Discussion
==========

Protein folding is one of the basic functions of cells for survival, and protein folding chaperones and cochaperones are the main functional molecules that carry out this process. BiP is a molecular chaperone of the HSP70 family that is localized to the ER. BiP binds new-synthesized proteins and translocates them into ER.[@b5-ott-11-3775] In addition, BiP also binds to those abnormally folded proteins destined to be degraded and transfers them out of the ER.[@b5-ott-11-3775] BiP can also be activated by ER stress and upregulated when unfolded protein accumulation.[@b5-ott-11-3775],[@b17-ott-11-3775] This property provides a marker of the disease state caused by the misfolding of secreted and transmembrane proteins.[@b5-ott-11-3775],[@b17-ott-11-3775] BiP function requires the hydrolysis of ATP to provide energy, and in this process SIL1 functions as a nucleic acid exchange factor to release ADP from BiP.[@b5-ott-11-3775],[@b18-ott-11-3775] SIL1 is ubiquitously expressed in all human tissues. However, SIL1 deletion studies find that function loss of SIL1 only leads to vulnerability of skeletal muscle and central nervous system in humans, eg, in MSS,[@b7-ott-11-3775],[@b19-ott-11-3775]--[@b21-ott-11-3775] and SIL1 overexpression was demonstrated a beneficial effect in surviving neurons in neurodegenerative disorders such as ALS and AD.[@b9-ott-11-3775],[@b12-ott-11-3775] Other studies provide some new knowledge of SIL1 function. For instance, Inaguma et al reveal that SIL1 plays an indispensable role in the structural construction of the developing cerebral cortex.[@b22-ott-11-3775] Ittner et al report that SIL1 is required for islet insulin content, islet sizing, glucose tolerance, and glucose-stimulated insulin secretion in vivo.[@b23-ott-11-3775] Ichhaporia et al report that SIL1 is dispensable for antibody assembly or secretion.[@b24-ott-11-3775] However, studies of the function of SIL1 in tumor, especially nervous system neoplasms, remain scarce. In our research, we investigate the functions of SIL1 by knocking down gene expression in U251 cells.

At the beginning of the study, we searched for the expression of SIL1 in all 31 tumor types on GEPIA and found that SIL1 expression exhibited significant difference in 6 tumor types compared with normal controls, including lymphoid neoplasm diffuse large B-cell lymphoma (DLBC), GBM, LGG, prostate adenocarcinoma (PRAD), testicular germ cell tumors (TGCT), thymoma (THYM). Except for a significant decrease in PRAD, SIL1 was upregulated in all the other tumors. The survival plot of GBM and LGG suggested that patients with high SIL1 expression tended to have a poor survival. Later IHC results also demonstrated that SIL1 expression in glioma tissues significantly increased compared to paracarcinoma tissues (*P*\<0.05). So SIL1 might be a poor prognostic gene and involved in glioma progression. Consequently, we constructed a siSIL1 to downregulate the expression of SIL1 in U251 cells and examine the effects.

It was found that, compared to siNC, siSIL1 significantly inhibited U251 cell proliferation and migration. Flow cytometry detection demonstrated that siSIL1 induced apoptosis of U251 cell but did not affect the cell cycle. Moreover, pro-apoptosis proteins Bax and Caspase3-P17 were found to be upregulated by siSIL1. The mechanism study demonstrated that SIL1 knockdown could inhibit phosphorylation level of both AKT and mTOR without impacting their protein expression, which represented an inactivated state of the AKT/mTOR pathway. The downstream effector protein p70S6K was also downregulated by siSIL1. AKT/mTOR signaling pathway is activated very frequently in human cancers through a series of genetic and epigenetic regulation. The signaling pathway is reported to promote many cancer properties such as cell survival, growth, and proliferation.[@b25-ott-11-3775],[@b26-ott-11-3775]

Conclusion
==========

For the first time we report that SIL1 plays an oncogenic function by AKT/mTOR signaling pathway in glioma cells. Our work provides a new insight into SIL1 in glioma progression, which may contribute to the treatment of glioma in the future.
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![SIL1 was highly expressed in glioma and represented a poor prognosis. (**A**) The red and gray boxes represent glioma and normal tissues, respectively. The y-axis indicates the log2-transformed gene expression level. (**B**) Survival percentage of glioma patients with high or low SIL1 expression. Left: GBM; right: LGG. The data of (**A**) and (**B**) were obtained with permission from,Tang Z, et al. (2017) GEPIA: a web server for cancer and normal gene expression profiling and interactive analyses. *Nucleic Acids Res*. 10.1093/nar/gkx247.[@b15-ott-11-3775] (**C**) Endogenous levels of SIL1 in glioma and paracarcinoma tissues were tested by immunohistochemical assay.\
**Note:** \**P*\<0.05.\
**Abbreviations:** GBM, glioblastoma multiforme; GEPIA, Gene Expression Profiling Interactive Analysis; LGG, lower grade glioma; TCGA, The Cancer Genome Atlas; HR, hazards ratio; TPM, trans per million.](ott-11-3775Fig1){#f1-ott-11-3775}

![Downregulation of SIL1 inhibited cell proliferation and migration in U251 cells. (**A**) SIL1 expression was efficiently downregulated by siSIL1 transfection. qPCR demonstrated that siRNA 2, 3, and 4 inhibited SIL1 expression efficiently. (**B**) Western blot verified the inhibition of SIL1 expression. (**C**) Cell proliferation detected by CCK8 assay. (**D**) Cell proliferation detected by clone formation assay. (**E** and **F**) Cell migration detected by transwell assay.\
**Note:** \**P*\<0.05.\
**Abbreviations:** CCK8, cell counting kit-8; qPCR, quantitative polymerase chain reaction; NC, negative control.](ott-11-3775Fig2){#f2-ott-11-3775}

![Downregulation of SIL1 induced apoptosis and the expression of pro-apoptotic genes but did not affect cell cycle in U251 cells. (**A** and **B**) U251 cell cycle detected by flow cytometry; (**C** and **D**) U251 cell apoptosis detected by flow cytometry; (**E** and **F**) expression of pro-apoptotic protein Bax and Caspase3-P17 detected by Western blot.\
**Note:** \**P*\<0.05.\
**Abbreviations:** PI, propidium iodide; NC, negative control.](ott-11-3775Fig3){#f3-ott-11-3775}

![Downregulation of SIL1 inhibited AKT/mTOR signaling pathway. (**A**) Western blot image and (**B**) quantification analysis indicated that siSIL1 reduced the phosphorylation level of AKT and mTOR without affecting protein expression, as well as decreasing expression of the downstream effector p70S6K. Protein expression was normalized to siNC group.\
**Note:** \**P*\<0.05.](ott-11-3775Fig4){#f4-ott-11-3775}

###### 

SIL1 expression and the relationship between clinical pathological features of glioma patients

  Clinical pathological features                                   Cases (n)   SIL1 level   *P*-value   
  ---------------------------------------------------------------- ----------- ------------ ----------- -------
  Age                                                                                                   0.653
   ≤60                                                             10          6            4           
   \>60                                                            28          19           9           
  Sex                                                                                                   0.739
   Male                                                            19          11           8           
   Female                                                          19          12           7           
  Pathological grade[\*](#tfn1-ott-11-3775){ref-type="table-fn"}                                        0.026
   I--III                                                          28          14           14          
   IV                                                              10          9            1           

**Note:**

Significant difference, *P*\<0.05.
